MAINTAINING A BALANCE BETWEEN absorption and secretion of alveolar lining liquid is critical in both physiological and pathological processes, including during the transition from fetus to newborn, in homeostasis, and during pulmonary edema. For example, survival of newborns requires the rapid removal of liquid from prenatal lungs to allow newborns to breathe air (28) . Under normal in vivo conditions, alveoli maintain an ϳ1-m-deep, tightly regulated apical liquid called the "subphase liquid" (SPL) (27) . The SPL has a similar electrolyte composition to serum and contains phospholipids and proteins crucial in maintaining surface tension and the host defense (27) . Dysregulation of liquid transport contributes to the development of pulmonary edema. However, the mechanisms underlying regulation of SPL transport in the alveolar epithelium remain poorly defined.
At the molecular level, absorption of fetal lung liquid at birth and resolution of alveolar edema is driven by Na ϩ and Cl Ϫ absorption across the alveolar epithelial barrier (2, 28, 29) . Active Na ϩ transport, energized by the Na ϩ -K ϩ -ATPase expressed on the basolateral membrane, is responsible for generating the osmotic driving force for lung liquid absorption (7, 9, 30) . By contrast, the epithelial Na ϩ channel (ENaC) and the Cl Ϫ channel cystic fibrosis transmembrane regulator (CFTR), which are restricted to the alveolar luminal membrane, allow passive Na ϩ and Cl Ϫ transport across the apical membrane. Thus maintenance of homeostasis requires stringent regulation of ion permeability and liquid transport.
Pharmacological interventions intended to increase alveolar liquid absorption in patients with pulmonary edema, including dopamine, ␤-adrenergic receptor agonists, and steroids, usually affect multiple channels and pumps including ENaC, CFTR, and Na ϩ -K ϩ -ATPase (24, 25) . Thus the physiological contribution of CFTR alone to alveolar liquid clearance in pulmonary edema remains incompletely understood. Clinical associations between mutations in ENaC or CFTR and pulmonary phenotypes suggest that disrupting apical Na ϩ or Cl Ϫ transport can alter the volume or composition of airway and alveolar liquid. A subclinical accumulation of liquid in the alveoli is associated with loss-of-function mutations in ENaC (11, 12) . In contrast, loss of CFTR function causes cystic fibrosis (CF) and results in chronic airway infection (32, 38) , but surprisingly there is no evidence of clinical disease in the alveoli (40) . These clinical observations, however, do not exclude a role for CFTR in maintaining liquid homeostasis in the alveolar epithelia.
We hypothesized that CFTR plays a regulatory role in alveolar liquid absorption and secretion in pig lungs. To test this hypothesis, pig type II alveolar epithelial cells (T2AECs) from wild-type (CFTR ϩ/ϩ ), heterozygous (CFTR ϩ/Ϫ ), and null (CFTR Ϫ/Ϫ ) pigs were isolated and cultured by use of an air-liquid interface (ALI) model. Our data in cultured T2AECs as well as ex vivo studies of newborn lungs demonstrate that CFTR is required for maximal cAMP-stimulated liquid absorption, but not for liquid absorption under basal condition. Moreover, lack of CFTR specifically impairs cAMP-stimulated liquid secretion when SPL height was measured in live alveolar epithelia cultured at the ALI, implicating transport of Cl Ϫ by CFTR in the mechanisms of both liquid absorption and secretion in the alveolar epithelium.
MATERIALS AND METHODS
Isolation of porcine lung alveolar epithelial cells. All animal studies were reviewed and approved by the University of Iowa Animal Care and Use Committee. Generation of CFTR Ϫ/Ϫ pigs has been previously reported (32) . Animals were produced by mating CFTR ϩ/Ϫ male and female pigs. Newborn littermates including CFTR ϩ/ϩ , CFTR ϩ/Ϫ , and CFTR Ϫ/Ϫ piglets were obtained from Exemplar Genetics (Exemplar Genetics, Sioux Center, IA). Primary porcine T2AECs were isolated according to an adapted procedure originally developed for human T2AECs (10, 37) . T2AECs were isolated from lungs of piglets within 12 h after birth, before epithelia manifest changes secondary to CF-related disease. The pulmonary artery was perfused with PBS solution and the distal air spaces were lavaged 10 times with Ca 2ϩ -and Mg 2ϩ -free PBS solution (0.5 mM EGTA and 0.5 mM EDTA). Lung parenchymal tissue was carefully combed off the bronchioles. Resulting tissue pieces were washed and filtered over a layer of gauze. Tissue cubes of ϳ5 mm in length were subjected to a fine manual cutting process to enlarge the surface for enzymatic digestion. A trypsin-elastase combination (0.5 mg/ml elastase in 0.5% trypsin solution) was used to enzymatically digest the distal lung tissue at 37°C for 60 min with shaking. Differential adherence on plastic surfaces served to remove macrophages (incubation at 37°C for 90 min). Blood cells and cell debris were dissociated by use of a discontinuous Percoll density gradient (P ϭ 1.089 g/ml and P ϭ 1.040 g/ml) and centrifuged at 600 g for 20 min. Cells collected from the interface were washed and plated at a density of 10 6 cells/cm 2 . Cell viability was assessed by the Trypan blue exclusion method. The purity of isolated porcine T2AECS cells was examined by Lysotrack green staining. Next, cells were seeded onto collagen-coated, semipermeable membranes and grown at the ALI as previously described (44) . Specifically, cells were plated at a density of 10 6 cells/cm 2 and grown under liquid covered conditions for 2 days in 10% FBS/DMEM supplemented with gentamicin, ampicillin (50 mg/ml each), and penicillin G (200 U/ml). From day 3 after initial seeding, cells were cultured at the ALI at 37°C in a 5% CO2 atmosphere and the culture medium was replaced at least every 2 days.
Cell marker for porcine T2AEC phenotype. To confirm the purity of isolated porcine T2AECs, we examined morphological characteristics with Lysotrack green stain, a fluorescent dye that selectively stains lamellar bodies of T2AECs (4, 9) . Five days after being seeded on Transwell membranes (Millipore) at the ALI, cells were preincubated for 30 min at 37°C in DMEM with Lysotrack green DND-26 (150 nmol/l; Molecular Probes) and images were obtained with a Nikon Inverted Microscope (TE 2000-E) and a Simple PCI Advance Image Capture system. Adenoviral infection. Recombinant adenovirus carrying either the enhanced green fluorescent protein (eGFP) or pig CFTR transgene, under the control of a cytomegalovirus promoter (31), was generated by the University of Iowa Gene Transfer Vector Core. Epithelia were infected apically with virus at a multiplicity of infection of 100 in 50 l of EMEM for 3 h at 37°C. Virus was aspirated, and the apical surfaces were washed twice with media. Epithelia were returned to the incubator overnight. Infection efficiency was analyzed by visualizing GFP-positive cells on an Olympus FluoView FV1000 confocal microscope. At least three epithelia per condition, from each of the three different genotypes, were studied.
Immunocytochemistry. Alveolar epithelia were fixed with 4% paraformaldehyde for 15 min, washed extensively with PBS, and permeabilized with 0.2% Triton X-100 (Pierce, Rockford, IL). Nonspecific binding was blocked by 1 h incubation in SuperBlock blocking buffer (Pierce) and the apical surfaces were incubated with primary antibody overnight at 4°C. Primary antibodies used were as follows: 1) mouse anti-CFTR (1:50; R&D); and 2) rabbit anti-zonula occludens-1 (anti-ZO-1; 1:100; Invitrogen-Zymed Laboratories). The following day, epithelia were washed with SuperBlock plus 2% BSA and incubated with secondary antibody (goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 568, 1:200 in SuperBlock plus 2% BSA; Invitrogen) for 1 h at room temperature protected from light. Following extensive washes with SuperBlock plus 2% BSA, epithelia were counterstained with DAPI, and inserts were then mounted onto glass slides and coverslipped with Vectashield mounting medium (Vector Laboratories).
Alveolar epithelia electrophysiology. Ussing chamber studies were performed on T2AECs (6 -7 days after seeding) from non-CF and CF pigs. Cells were mounted in Ussing chambers and studied as previously described (5, 35, 36) . Apical and basolateral chambers contained the same bathing solution with symmetrical Cl Ϫ concentrations. CFTR-mediated Cl Ϫ current and amiloride-sensitive Na ϩ current were measured using a previously described protocol (5) . First, we inhibited Na ϩ current with amiloride (100 M), an ENaC blocker, which hyperpolarizes the apical membrane and increases the driving force for Cl Ϫ secretion through CFTR. Second, we added DIDS (100 M) to block the calcium-activated Cl Ϫ channels to specifically examine the CFTR-mediated Cl Ϫ current. Next, we increased CFTR activity by elevating cellular levels of cAMP with forskolin (10 M) and IBMX (100 M). Then we added GlyH-101(100 M), a CFTR inhibitor, to block the CFTR-mediated Cl Ϫ current (5). Finally, we reduced the transepithelial Cl Ϫ current by inhibiting the Na ϩ -K ϩ -Cl Ϫ cotransporter with basolateral bumetanide (100 M). The following parameters were measured: decrease in current after apical addition of amiloride, cAMP-stimulated current after apical addition of forskolin and IBMX to epithelia already in the presence of apical amiloride and DIDS, and decrease in current after addition of GlyH-101 to the previous solutions. Transepithelial electrical conductance was measured with a chopstick ohmmeter (World Precision Instruments, Sarasota, FL).
Liquid absorption rate measurement. Liquid absorption rate in T2AECs (6 -7 days after seeding) was measured by methods similar to those previously described (20, 35) . Specifically, the basolateral solution was replaced with fresh cell culture medium (500 l) and saline (100 l) was applied to the apical surface. Osmolality of the submucosal solution was adjusted to equal that of the mucosal solution. After incubation for 16 h, the apical solution was collected and the volume was measured. In some experiments forskolin (10 M each) and IBMX (100 M), amiloride (100 M), and GlyH-101 (100 M) were added to the apical solution.
Measurement of liquid clearance in ex vivo newborn pig lung. Animals were euthanized (Euthasol, Virbac, Fort Worth, Texas) at 8 -15 h of age for study. As previously described, with some modification (33, 34) , a bronchus of a piglet lung was cannulated with a catheter and instilled with 8 ml of BSA solution containing 0.1 mg/ml Evans blue dye (EBD) (Sigma, St. Louis, MO). The lung was inflated with 100% oxygen through the catheter at 7 cmH2O airway pressure, placed in a plastic bag, and then submerged in a water bath at 37°C. Alveolar liquid was aspirated at 10 min and 70 min after instillation. EBD concentration of the aspirate samples was assayed by measuring the absorbance at 620 nm in a Hitachi model U2000 Spectrophotometer (Hitachi Instruments, San Jose, CA) and liquid absorption rate was calculated as previously described (6) . In some experiments, 0.1 mM isoproterenol was added to the solution.
Wet-to-dry lung weight ratio. The lung wet-to-dry (W/D) weight ratio was measured as an index of lung water accumulation in wild-type and CF piglets within 12 h of birth. To measure the total amount of lung water, the animals were euthanized and weight of a lung lobe was measured immediately after its excision (wet weight). The lung tissue was then dried in an oven at 60°C for 5 days and reweighed as dry weight. The W/D weight ratio was calculated by dividing the wet by the dry weight as described previously (22) .
Measurement of SPL height. Under ALI conditions, alveolar epithelia cultures were incubated with CellTrace Calcein Green AM (5 m; Invitrogen) to stain the cytoplasm. SPL was stained with rhodamine B-dextran (70-kDa) by instilling 0.1 l liquid dye (10 g/l) on the apical surface of the culture. After incubation at 37°C for 2 h, perfluorocarbon (1 ml) was added to the apical surface to prevent evaporation. The cells were immediately imaged with x-z view using an inverted confocal microscope and sampling five random sites and avoiding edge effects, as previously described (4) . To study the effect of CFTR on SPL secretion, forskolin and IBMX were added to the basolateral culture medium for 48 h. At least five random images were taken from each sample, and the SPL was analyzed by use of Image J [National Institutes of Health (NIH), Bethesda, MD). SPL height was determined by drawing a perpendicular line from the apical membrane of the epithelial cell surface to the outer edge of the SPL. On each image, SPL height measurements were performed at 10 random locations and the average of those measurements was used as the SPL for that image.
Statistics. Data were analyzed through calculation of group means and SE for each group. The analysis was performed by an unpaired t-test or ANOVA, and P Ͻ 0.05 was defined as statistically significant.
RESULTS
Pig alveolar epithelia grown at the ALI develop tight junctions and transepithelial resistance. Alveolar epithelial cells from rat, mouse, and human grown in vitro at the ALI on semipermeable filters have been shown to exhibit a welldifferentiated alveolar epithelial phenotype, characterized by tight junction formation, lamellar body preservation, and surfactant protein C production (9) . We examined whether porcine T2AECs grown under the same conditions develop an alveolar epithelial phenotype. Briefly, T2AECs were isolated from CF (CFTR Ϫ/Ϫ ) and non-CF (CFTR ϩ/ϩ and CFTR ϩ/Ϫ ) newborn piglets and cultured on collagen I-coated semipermeable filters. After 72 h, the apical liquid was removed and epithelia were maintained at the ALI. Transepithelial conductance was measured every 48 h for 14 days. The conductance decreased with time (Fig. 1A) , and by day 7 the conductance was 0.899 Ϯ 0.249 mS; these results were similar among genotypes (data not shown). We also analyzed expression of the tight junction protein zonula occludens-1 (ZO-1). Figure  1B shows a chicken wire pattern, characteristic of tight junctions, in 4-day-old epithelia. Next, we investigated whether the cells expressed lamellar bodies, which are a hallmark of T2AECs, by staining with Lysotrack green DND-26 4 days after seeding (9) . In contrast to pig airway epithelia (Fig. 1C) , alveolar epithelial cells stained positive for lamellar bodies (Fig. 1D) . To further confirm the identity of the T2AECs, we fixed and processed 4-to 7-day-old epithelia for examination by transmission electron microscopy. At day 4, cultured cells were cuboidal, had microvilli on the apical surface, and con- but not in tracheal alveolar epithelial cells (C). Nuclei were stained with Hoechst dye (blue). Scale bar ϭ 200 m. E and F: ultrastructure of pig T2AECs. T2AECs cultured at the air-liquid interface (ALI) for 4 days were fixed and processed for transmission electron microscopy. E: the majority of cells are cuboidal in shape with microvilli on the apical surface (denoted by arrow), consistent with a T2AEC identity. F: at higher magnification, lamellar bodies with a multilayered onionlike ultrastructure were observed (arrow). Scale bars ϭ 2 m for E and 0.2 m for F. tained intracellular lamellar bodies (Fig. 1, E and F ). These findings demonstrate that pig alveolar epithelial cells grown at the ALI recapitulate important characteristics of alveolar epithelia in vivo. These observations are also consistent with phenotypes of T2AECs isolated from other species, including human, rat, and mouse (9) .
CFTR is localized on the apical surface of polarized pig alveolar epithelial cells. In both airway and alveolar epithelia, CFTR provides both Cl Ϫ and HCO 3 Ϫ permeability at the apical surface. Although apical localization of CFTR has been reported in airway epithelial cells, its distribution in alveolar epithelia has been difficult to establish because these cells are very thin and difficult to culture at the ALI. Furthermore, immunostaining has been difficult because of low CFTR expression and poor sensitivity and specificity of available antibodies (15) . We stained CF and non-CF polarized alveolar epithelia cultured at the ALI with an anti R-domain monoclonal antibody. CFTR was localized to the apical membrane of 4-to 7-day-old CFTR ϩ/ϩ alveolar epithelia cultures and absent in the CFTR Ϫ/Ϫ epithelia (Fig. 2) , similar to CFTR distribution in pig airway epithelia (31).
CFTR is required for cAMP-stimulated Cl Ϫ transport and liquid absorption in pig alveolar epithelia. Others have shown that CFTR promotes liquid absorption in alveolar epithelial cells (8, 9, 24) , although interpretation of these studies depended on use of CFTR functional blockers/inhibitors. The porcine CF model allowed us to examine the contribution of CFTR to Cl Ϫ permeability and liquid absorption. We first isolated alveolar epithelia cells from CFTR ϩ/ϩ and CFTR Ϫ/Ϫ piglets and studied their bioelectric properties in Ussing chambers. Figure 3A shows representative short-circuit current (I sc ) traces from CFTR ϩ/ϩ and CFTR Ϫ/Ϫ T2AECs. Under conditions with symmetrical Cl Ϫ concentrations at both apical and basolateral membranes, the amiloride-sensitive current, which reflects ENaC function, was similar in CFTR ϩ/ϩ and CFTR Ϫ/Ϫ T2AECs (Fig. 3B) . In contrast, CFTR Ϫ/Ϫ T2AECs had a severely blunted response to agents that increase cAMP levels (forskolinϩIBMX, Fig. 3C ) and a near absence of GlyH-101 (CFTR inhibitor)-inhibitable current, which reflects CFTR function, compared with CFTR ϩ/ϩ cells (Fig. 3D) . These data are consistent with previous observations using functional CFTR inhibitors in non-CF human and murine alveolar cells (8, 9) . Addition of DIDS did not change I sc in either CF or non-CF epithelia, suggesting the absence of calcium-activated Cl Ϫ channels in alveolar epithelia (Fig. 3A) . However, it remains possible that increases in intracellular calcium might stimulate these channels.
If apical Cl Ϫ transport by CFTR is rate limiting for Cl transport, we hypothesized that CFTR ϩ/Ϫ epithelia would have an intermediate phenotype. We therefore compared CFTR ϩ/ϩ and CFTR ϩ/Ϫ alveolar epithelia under short-circuit conditions and found no difference. CFTR ϩ/ϩ and CFTR ϩ/Ϫ T2AECs had similar amiloride-sensitive (Fig. 3B) , cAMP-induced (Fig. 3C) , and GlyH-101-inhibitable I sc (Fig. 3D) .
To investigate the effect of CFTR on liquid transport under open-circuit conditions, we applied an isotonic solution to the apical surface of cultured alveolar epithelia and assessed liquid absorption over 16 h. Under basal conditions, we observed no difference in the liquid absorption rate between CFTR ϩ/ϩ and CFTR Ϫ/Ϫ T2AECs (Fig. 4A) . Elevating cAMP levels increased the liquid absorption rate in CFTR ϩ/ϩ T2AECs by 280%, whereas only a 50% increase in liquid absorption was detected in cAMP-stimulated CFTR Ϫ/Ϫ T2AECs. Moreover, the basal and cAMP-stimulated liquid absorption in CFTR ϩ/Ϫ alveolar epithelial cells was similar to that of CFTR ϩ/ϩ cells (Fig. 4A ). These results indicate that CFTR is not required for liquid absorption under basal conditions, suggesting the existence of an alternative mechanism to achieve electroneutrality in CFTR Ϫ/Ϫ alveolar epithelia. In contrast, under cAMP-stimulated conditions, CFTR was required for maximal liquid absorption in pig alveolar epithelia. Moreover, these findings suggest that expression of one normal allele of CFTR is sufficient for maximal liquid absorption, and CFTR is not rate limiting for transepithelial Cl Ϫ transport. 
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Adenoviral-mediated expression of CFTR restores cAMPstimulated liquid absorption in CFTR
Ϫ/Ϫ T2AECs. To further investigate whether the absence of CFTR is responsible for the decreased cAMP-stimulated liquid absorption in CFTR Ϫ/Ϫ alveolar epithelial cells, we restored CFTR expression using an adenoviral vector encoding pig CFTR (Ad-CFTR, Ref. 31). We first established the Ad-CFTR dose that restored the cAMP-induced Cl Ϫ current in CFTR Ϫ/Ϫ T2AECs to levels comparable to that of CFTR ϩ/ϩ T2AECs (data not shown). Next, we found that adenoviral expression of CFTR in CFTR Ϫ/Ϫ T2AECs increased cAMPstimulated liquid absorption compared with expression of Ad-GFP control (Fig. 4B) . These data further indicate that the absence of CFTR causes defective cAMP-stimulated liquid absorption in alveolar epithelia.
Adenoviral-mediated expression of CFTR in CFTR ϩ/ϩ T2AECs does not further increase liquid absorption. We also investigated how expressing CFTR in CFTR
ϩ/ϩ alveolar epithelia affected liquid transport. Basal liquid absorption was not affected by Ad-mediated expression of CFTR compared with Ad-GFP (Fig. 4C) . Moreover, Ad-mediated expression of CFTR, which was sufficient to correct liquid absorption in CFTR Ϫ/Ϫ , did not increase cAMP-stimulated liquid absorption in CFTR ϩ/ϩ T2AECs (Fig. 4C) . These data suggest that further increases in CFTR expression have no additive effect on alveolar liquid absorption.
CFTR Ϫ/Ϫ newborn pig lungs have decreased cAMP-stimulated alveolar liquid clearance. We next studied the basal and cAMP-stimulated liquid clearance in ex vivo nonperfused lung preparations from CFTR ϩ/ϩ , CFTR ϩ/Ϫ
, and CFTR Ϫ/Ϫ pigs. The basal alveolar liquid clearance for newborn pig lungs was ϳ6% in the first hour for all genotypes (Fig. 5A) . Stimulation with isoproterenol increased alveolar liquid clearance by ϳ50% in CFTR ϩ/ϩ and CFTR ϩ/Ϫ pigs, which is comparable to other studied species (33) . In contrast, CFTR Ϫ/Ϫ lungs showed no response to isoproterenol. Combined with our in vitro observations, these data suggest a model in which lack of CFTR in alveolar cells causes a defect in Cl Ϫ transport, which impairs cAMP-stimulated liquid absorption. Moreover, CFTR expression in CFTR ϩ/Ϫ lungs is sufficient for maximal liquid absorption. Interestingly, when we measured the W/D ratios of lung weight from CF and non-CF piglets within 12 h of birth, we did not detect difference (Fig. 5B) .
CFTR regulates SPL secretion at the ALI. As shown above, alveolar epithelia can absorb liquid, and CFTR is required for maximal liquid absorption. However, these studies were performed on submerged epithelia such as in Ussing chambers and with liquid transport assays that may not reflect the in vivo condition. With respect to liquid secretion, Bove et al. (4) showed that human alveolar epithelia, as studied at the ALI, secrete liquid upon stimulation with agents that increase cAMP levels (i.e., forskolin). In an in vivo model Lindert et al. (19) found that CFTR plays a role in liquid secretion in an air-filled lung. Using our genetic model, we therefore investigated the role of CFTR in SPL secretion in alveolar epithelia cultured at the ALI by visualizing the SPL height with a fluorescent dye, rhodamine B-labeled dextran. Figure 6A shows representative confocal microscopy images of the SPL in either CFTR ϩ/ϩ or CFTR Ϫ/Ϫ T2AECs under basal and cAMP-stimulated conditions. Under basal conditions, there was no difference in SPL height between CFTR ϩ/ϩ and CFTR Ϫ/Ϫ T2AECs (Fig. 6B) . In contrast, stimulation with agents that increase cAMP (forskolin ϩ IBMX) significantly increased the SPL height from 6 m to ϳ10 m in CFTR ϩ/ϩ T2AECs. By contrast, addition of forskolin and IBMX treatment had no effect on SPL height in CFTR Ϫ/Ϫ cells (Fig. 6B) . These results indicate an important role for CFTR in liquid secretion in pig alveolar epithelia studied at the ALI.
DISCUSSION
Regulation of liquid transport in the alveolar space plays a critical role in gas exchange in the perinatal period. Here, we use a novel animal model of CF that closely mimics human , CFTR ϩ/Ϫ , and CFTR Ϫ/Ϫ pigs have similar amiloride-sensitive current under I sc conditions and similar basal liquid absorption and secretion. However, under conditions of cAMP stimulation, epithelia from CFTR Ϫ/Ϫ pigs fail to increase liquid absorption compared with both CFTR ϩ/ϩ and CFTR ϩ/Ϫ alveolar epithelia. Moreover, when epithelia were studied at the ALI, SPL height was increased in CFTR ϩ/ϩ but not CFTR Ϫ/Ϫ epithelia after cAMP stimulation. Taken together, our data indicate that, by controlling Cl Ϫ permeability in alveolar epithelia, CFTR is a key regulator of liquid absorption and secretion.
Maintenance of the ALI in the alveolar space relies on an epithelium that expresses Na ϩ -K ϩ -ATPase at the basolateral side (41), ENaC (21) and CFTR (23) on the apical side, and specific aquaporins (42) . Compared with the other channels and pumps, the contribution of CFTR to alveolar liquid absorption is not completely understood. Studies in cultured human and rat alveolar epithelia, in vivo mouse models, and ex vivo isolated human lung preparations have shown that liquid absorption was decreased with pharmacological inhibition of CFTR (8, 9) , whereas recombinant CFTR expression increased liquid absorption (24) . Interestingly, the phenotype was only observed when conditions led to maximal liquid absorption. For example, Fang and colleagues (9) showed that a CFTR inhibitor, CFTR inh -172, blocked cAMP-stimulated I sc in T2AECs but had no effect on basal liquid transport. When the epithelia were stimulated with reagents increasing cAMP level, CFTR inh -172 prevented the increase in liquid absorption. Similarly, in studies of ex vivo mouse and human lungs, the Cl Ϫ channel inhibitor glibenclamide abolished cAMP-stimulated alveolar liquid clearance but also had no effect under basal conditions (8) . In contrast to these studies that employed pharmacological approaches to examine the role of CFTR in liquid transport, we used a genetic strategy and also found that CFTR was required for maximal stimulated liquid absorption, whereas basal liquid absorption was independent of CFTR activity. A majority of the studies of the role of CFTR in liquid transport used either inhibitors of CFTR or a CFTR mouse model, which confounds interpretation of CFTR function. For example, despite abrogation of CFTR function, mice do not develop CF lung disease (5), perhaps because of compensatory activity by other Cl Ϫ channels. By contrast, deletion of CFTR in pigs mimics the electrolyte transport properties of human airway epithelia and the pulmonary bacterial infection phenotype of humans with CF (32, 38) . In the porcine model, we found that CFTR ϩ/ϩ , CFTR ϩ/Ϫ , and CFTR Ϫ/Ϫ type II alveolar epithelial cells could be cultured at the ALI. Use of this model system allowed specific investigation of the role of CFTR in liquid transport without the use of pharmacological inhibitors. One possible limitation is that pig T2AECs, as grown in these studies, may not reproduce the relative proportion of type I and type II cells seen in vivo. Although most studies of ion channels and liquid absorption have been conducted in type II cells, type I cells have been shown to also play a role in ion and liquid absorption (13) . However, the results of our ex vivo studies in an isolated nonperfused piglet lung model validate our in vitro conclusions. Providing further support for our model system, all genotypes studied displayed normal liquid absorption in the transition from fetus to newborn as demonstrated by similar W/D ratios of lung weight (see Fig. 5B ), consistent with observations in humans with CFTR mutations (43) .
Most studies of alveolar fluid absorption in mice, rats, humans, and now pigs suggest that lack of CFTR results in decreased liquid absorption. These studies seem to contrast with the hypothesis that ENaC "activity" is increased in CF airways. There has been ample support for this hypothesis. First, amiloride luminal perfusion results in a greater change in nasal transepithelial voltage (V t ) in patients with CF (1, 3, 14) . Second, studies pioneered by Stutts et al. (39) on MDCK cells and fibroblasts showed that CFTR negatively regulates epithelial Na ϩ channels. Finally, recent work by Lazrak et al. (16) demonstrated that the open-state probability of ENaC in CFTR Ϫ/Ϫ mouse alveolar epithelia was higher than in controls. This study was conducted on lung slices and supports the results obtained by others in an ex vivo airway model (39) . Although these studies seem to be at odds with our data and may reflect variability inherent in the different models, it is more likely that they highlight the complexity of studying electrical transport properties of epithelia. For example, the data presented herein appear to be a paradoxical result compared with our recently reported data in the airways of a CF pig model (5), even though both studies were performed in the same model. In this previous study, we observed a greater change in voltage and I sc with amiloride in the CF pig nasal epithelia (5). However, Na ϩ absorption was not increased and liquid absorption was decreased. This is consistent with the fact that adding amiloride hyperpolarizes the apical membrane voltage, thereby increasing the driving force for Cl Ϫ secretion and subsequently resulting in smaller changes in V t and I sc . In the CF nasal epithelia, lack of CFTR prevents Cl Ϫ secretion, resulting in measuring only the change in V t and I sc that was due to blocking ENaC absorption; thus V t and I sc appear higher. By contrast, when the trachea epithelia were studied, there was no difference in the change in V t or I sc with amiloride between genotypes, perhaps because CFTR was closed in the wild-type epithelia under basal conditions (5). The amiloridesensitive I sc was not increased in the CF alveolar epithelia in this study; however, these currents are small compared with airways and we did not stimulate CFTR before adding amiloride.
Although we did not measure the ENaC open-state probability in the pig alveoli, an increased ENaC open-state probability may not result in increased Na ϩ absorption in CF epithelia. Higher ENaC open-state probability may favor apical membrane Na ϩ absorption following a chemical gradient while simultaneously increasing Na ϩ secretion based on an electrochemical gradient created by the higher apical mem- brane V t , which is caused by the lack of CFTR. In the future it may be important to investigate ENaC open-state probability in pig alveoli. Measuring electrical properties of epithelia is complex and requires an understanding of the measurements being done, conditions, reagents, concentrations, and models. Moreover, epithelial ion transport is a dynamic and integrated process involving the epithelial apical membrane, basolateral membrane, and a paracellular pathway such that calculations are best suited to mathematical modeling to achieve a complete understanding of epithelial ion transport.
Drugs that augment cAMP levels have been shown to affect Na ϩ -K ϩ -ATPase, ENaC, and CFTR (26) , which has important clinical implications for increasing liquid absorption in patients with pulmonary edema. Herein, using CFTR Ϫ/Ϫ alveolar epithelial cells, we demonstrate that CFTR is required for maximal absorption. On the basis of earlier observations that adenoviral-mediated overexpression of CFTR in vivo further increases liquid absorption (24) T2AECs did not provide additional benefit in terms of liquid absorption. Moreover, these observations indicate that apical CFTR functional activity is not the rate-limiting step in cAMPstimulated liquid reabsorption in alveolar epithelia. The ratelimiting step is most likely at the basolateral membrane; possible rate-limiting factors that control Cl Ϫ permeability include KCl cotransporters KCC1, KCC3, and KCC4, which are involved in cAMP-stimulated Cl Ϫ efflux across the basolateral membrane (17, 18) .
There are two interesting observations from our studies. First, despite a decrease in cAMP-stimulated maximal liquid absorption in newborn CF lungs, we observed no difference in the W/D weight ratios of lungs from CF and non-CF piglets 12 h after birth. This suggests that, at the perinatal period, liquid absorption may be independent of CFTR. Second, in response to cAMP elevation, alveolar epithelia can either absorb or secrete liquid. The direction of net liquid transport is dependent on how much liquid is on top of the epithelia. Bove et al. (4) showed that the net liquid transport is dependent on SPL ATP concentration, which is thought to regulate apical ENaC activity. Alternatively, under certain conditions, different cell populations in distal lung epithelia may be separately responsible for secretion and absorption. Finally, we speculate that alveolar epithelia sense the pressure on the apical membrane via mechanosensitive receptors or by changing the partial pressure of oxygen, which might initiate secondary signaling pathways that then regulate either KCC and NKCC activity at basolateral membrane or apical ENaC activity.
In summary, our study identifies CFTR as a key regulator of liquid absorption and secretion in alveolar epithelia. The mechanism by which the alveolar epithelia sets the balance between absorption and secretion, depending on how much liquid is on top of the epithelia, remains undefined, although our data clearly demonstrate that CFTR has a role in both of these processes. Understanding the precise role of CFTR in each of these processes will have important clinical implications in health and disease.
